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Adiponectin is a highly abundant adipocytokine in blood and is thought to have beneficial effects of improving insulin resistance and dyslipidemia [1, 2] . Unlike other adipocytokines, circulating adiponectin levels are paradoxically decreased in obesity [3] and other metabolic and cardiovascular diseases [4, 5] . Adiponectin exists in different multimeric forms as either low-molecular-weight, medium-molecular-weight, or high-molecular-weight (HMW) molecules, with HMW adiponectin known to be more biologically active than the smaller forms [6] .
Previous findings regarding the effect of physical activity (PA) on adiponectin have been wildly inconsistent [7] [8] [9] . Cross-sectional studies have shown that a higher PA is associated with higher total adiponectin levels, even after adjustment for body weight or fat mass [10] [11] [12] [13] , and some exercise intervention studies have shown that exercise training augmented the total adiponectin levels, despite no reduction in body weight or fat [14] [15] [16] [17] . However, there are also several reports showing that the adiponectin concentration was unaffected [18] [19] [20] or even decreased [21, 22] by exercise training without concomitant weight loss.
The reasons for these inconsistencies regarding the effects of PA on circulating adiponectin levels remain unclear. One possible reason may be the inclusion of different intensities of exercise training regimens in these previous studies [8] . It has been shown that the adiponectin concentration is regulated by free fatty acids and/or lipolysis [23] , and free fatty acids and lipolysis are known to be strongly regulated by the intensity of exercise [24] . Recently, an isotemporal substitution model was developed to perform analyses, as increased time spent in one activity during awaking hours necessarily requires an equal decrease in time spent in another activity [25] , making this model extremely useful for investigating the health impact of isotemporal substitution of sedentary behavior time with intensity-specific PA of the same duration [i.e., light-intensity PA (LPA) or moderate-to vigorous-intensity PA (MVPA)] while keeping the total time constant [26, 27] . Therefore, in the current study we sought to examine the replacement effect of sedentary time with either LPA or MVPA on adiponectin levels using this isotemporal substitution model.
Another possible reason for the historically inconsistent results may be heterogeneity of subject characteristics, such as smoking and drinking habits. To our knowledge, there have been no studies investigating the interactions between replacing sedentary time with LPA or MVPA and characteristic factors in a large population. Smoking is known to have an inhibitory effect on adiponectin [10, 28] . However, alcohol drinking [29] and coffee consumption [30, 31] have been associated with high levels of adiponectin. Reduced estradiol concentrations have also been associated with higher adiponectin levels in older adults [32] , and postmenopausal women have consistently shown higher adiponectin levels than those of premenopausal women [33] . Based on these reports, we hypothesized that adiponectinpromoting factors (i.e., alcohol drinking, coffee consumption, postmenopausal status) would help clarify the positive association of the replacing effect of LPA or MVPA on adiponectin, whereas adiponectin-inhibiting smoking would moderate this replacement effect.
In the current study, using isotemporal substitution, we investigated the crosssectional association of replacing sedentary time with either LPA or MVPA on total and HMW adiponectin levels and examined the potential interactions with cigarette smoking, alcohol drinking, coffee consumption, and menopausal status in a large middleaged population.
Materials and Methods

A. Subjects
The current subjects were selected from among 12,068 middle-aged Japanese participants (40 to 69 years of age) of the baseline survey (2005 to 2007) of the Saga Japan MultiInstitutional Collaborative Cohort Study (Saga J-MICC Study). The methods of recruiting subjects in the Saga J-MICC Study have been described in detail elsewhere [34, 35] . In brief, the baseline face-to-face survey was conducted on weekdays or a weekend in a public hall within the residential areas of the study participants, and the participation rate of the baseline survey of the Saga J-MICC Study was 19.6% (12,068 of 61,447).
Written informed consent was obtained from all participants, and the study protocol was approved by the Ethics Committees at Saga University Faculty of Medicine and the Nagoya University Graduate School of Medicine (a central office of the overall J-MICC Study).
B. Objective Measurement of Habitual PA in Daily Life
On the day of the survey, the subjects were instructed to firmly attach a single-axis accelerometer (Lifecorder; Suzuken, Nagoya, Japan) to a belt or a designated waistband provided for this purpose on the waist just above the midline of the thigh (right or left), during all waking hours for 10 days except when bathing and sleeping. After the accelerometer had been worn for 10 continuous days, the device was retrieved and the recorded PA data were downloaded to a computer and analyzed using the Microsoft Excel software program (Microsoft, Redmond, VA). To eliminate potential reactivity accompanied by wearing the accelerometers, data from the first 3 days in the 10-day wear period were excluded and the data of the latter 7 days were used to analyze the wear times and wear days, with valid accelerometer data defined as $8 h/d of wear time with $4 days.
The single-axis accelerometer has been shown to precisely assess PA intensity by detecting 11 incremental levels of acceleration intensities (0, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, and 9) [36] . In the current study, sedentary time was calculated based on an acceleration intensity corresponding to 0.5, because an acceleration intensity of 0.5 is detected by a degree of PA corresponding to ,1.8 metabolic equivalents (METs), such as posture changes or light deskwork [36, 37] . The current definition of sedentary behavior is not exactly the same as the general definition of ,1.5 METs but is close [38] . The accelerometer can distinctly measure LPA (,3 METs; acceleration intensities, 1-3) and MVPA (.3 METs; acceleration intensities, 4-9) [36, 37] . Accelerometer wear time was calculated as the sum of sedentary time, LPA, and MVPA.
C. Anthropometric Measurements and Self-Administered Questionnaire
The height (to the nearest 0.1 cm) and body weight (to the nearest 0.1 kg) were measured using a portal scale. The body mass index (BMI) was determined by dividing body weight in kilograms by the square of height in meters. The waist circumference at the level of the umbilicus during the light-exhalation phase was measured in a standing position to the nearest 0.1 cm. A self-administered questionnaire that included questions on cigarette smoking, alcohol drinking, coffee consumption, and dietary habits, as well as current medication and disease history, was sent to participants by mail, before the face-to-face survey. The subjects were instructed to bring their completed questionnaires on the day of the survey, and when there were missing or inconsistent answers in the questionnaires a research nurse or nutritionist asked the participants to fill in the blanks or correct the answers. With respect to smoking and alcohol drinking, subjects were first asked about their current status (and cessation time for former smokers or drinkers). Current smokers and drinkers reported their usual cigarette consumption (cigarettes/d) or alcohol drinking (types of alcoholic beverages, amount of beverage consumed per drinking day, and frequency of drinking days), respectively. Total ethanol consumption per day for current drinkers was estimated based on beverage-specific ethanol concentrations, and information on diet was collected using a validated short food frequency questionnaire [39] [40] [41] [42] . Coffee consumption was calculated based on the number of cups and frequency of coffee drinking (cups/d). Regarding canned coffee or coffee in plastic bottles, the subjects were instructed to answer by converting 350 and 500 mL to 2 and 3 cups, respectively. The coffee consumption status was categorized as low (,1.0 cup/d), medium (1.0 to 2.9 cups/d), and high coffee consumers ($3.0 cups/d).
D. Blood Sampling and the Adiponectin Assay
Venous blood (21 mL) was drawn from each participant, and within 3 hours of blood sampling, the serum was separated by centrifugation [3000 rpm (1200 3 g), 4°C, $10 minutes] and stored at 280°C until further use. In the face-to-face survey of the Saga J-MICC Study, the participants were not required to be in a fasting state. Because a previous study has reported that the general inflammatory response (assessed by IL-6 and C-reactive protein) to feeding was minimal, when the blood sample was taken via a single-use needle (instead of using a cannula) [43] and a single-use needle was used for the aforementioned current blood sampling, adiponectin data from nonfasting subjects were included in the current data analyses. The serum concentration of total adiponectin and HMW adiponectin were measured using an ELISA kit (Otsuka Pharmaceutical Company, Tokushima, Japan) [44, 45] . The intra-assay and interassay coefficients of variation for total adiponectin and HMW adiponectin were ,15%. All serum samples were measured in duplicate at a single laboratory at the Faculty of Medicine, Saga University.
E. Statistical Analyses
From the 12,068 total participants, we excluded from the current data analysis those with any of the following conditions: total adiponectin not measured (n = 52); HMW adiponectin not measured (n = 7); missing or invalidated PA data (n = 640); a dietary energy intake $4000 kcal/d (n = 4); currently using an analgesic antipyretic (n = 480); and those with possible inflammation-related diseases, such as cardiovascular disease (n = 132), stroke (n = 37), diabetes mellitus (n = 572), and cancer (n = 81). Consequently, 10,063 subjects (4013 men and 6050 women) remained for the analysis. Statistical analyses were performed using the SAS software program (version 9.3 for Windows; SAS Institute, Cary, NC). Sex differences in characteristics were examined by t tests (for continuous variables) or x 2 tests (for categorical variables). For total adiponectin and HMW adiponectin, the natural logarithm value was used in all analyses to minimize the skewness of their distributions, and the resulting geometric mean (and either geometric SD or 95% CI, where appropriate) is presented. The association was separately analyzed by sex. The significance of the univariate correlations of PA indices (LPA and MVPA) or natural log-transformed total and HMW adiponectin levels with the basic characteristics of the subjects was assessed according to the Spearman rank correlation coefficient (r).
We first analyzed the cross-sectional multivariate association of each behavior Second, an isotemporal substitution analysis was performed to investigate the association of substituting either LPA or MVPA for an equal amount of sedentary time on serum adiponectin levels. To investigate the effect of replacing sedentary time with LPA or MVPA, the isotemporal substitution model requires that the wear time, LPA, and MVPA and covariates be simultaneously entered into a multiple linear regression model (only sedentary time is dropped), and the resulting regression coefficient for either LPA or MVPA represents the effect of substituting a given unit of time in LPA or MVPA for an equal amount of time in sedentary behavior. The adjusted percentage changes in adiponectin levels for single-unit increases (60 minutes) in either LPA or MVPA and simultaneous 60-minute decreases in sedentary time were calculated by converting the resulting regression coefficients (b) to [exp (b) 2 1] 3 100. Similar to the aforementioned analysis using a single-factor model, in the isotemporal substitution analysis, adjustment was made for wear time (continuous), age (continuous), smoking (categorical), alcohol drinking (categorical), coffee consumption (categorical), energy intake (continuous), and menopausal status (categorical) (in women) (model 3), and additionally BMI (continuous) and waist circumference (continuous) (model 4).
Finally, an interaction analysis was performed to examine whether the effect of replacing sedentary time with either LPA or MVPA is modified by different levels of each subject's characteristic factor, such as cigarette smoking (never, former, and current smoker), alcohol drinking (never/former drinker, current drinker consuming 0.1 to 22.9 and $23.0 g of ethanol/ d), coffee consumption (,1.0, 1.0 to 2.9, and $3.0 cups/d), and menopausal status (premenopausal or postmenopausal). For instance, to examine whether the effect of replacing sedentary time with LPA is modified by smoking, an additional interaction term (LPA 3 smoking) was included in a multiple regression model with full adjustment including BMI and waist circumference. In these interaction analyses, both intensity-specific PA indices (LPA and MVPA) and three characteristic factors (smoking, alcohol drinking, and coffee consumption) were treated as continuous variables, whereas only menopausal status was treated as a categorical variable. When the interaction analysis results were statistically significant, then a stratified analysis by the different levels of each characteristic factor was conducted.
A P value of ,0.05 was considered to be statistically significant.
Results
As shown in Table 1 , the women tended to be slightly younger than the men and had a lower BMI and waist circumference. The percentage of current smokers was higher among men (36.8%) than women (8.1%), and the percentage of current drinkers was also higher among men (80.8%) than women (41.9%). The coffee consumption status was also different between the sexes. The percentage of postmenopausal women was nearly 70%. The total energy intake was higher in men than in women. The sedentary time, LPA, and wear time were greater in women, whereas MVPA was greater in men. As expected, both the total and HMW adiponectin levels were higher in women than in men. The univariate correlations of basic characteristics with intensity-specific PA indices or with serum adiponectin levels are presented in Tables 2 and 3 . Table 4 shows the results based on a single-factor model with adjustment for wear time, age, cigarette smoking, alcohol drinking, coffee consumption, energy intake, and menopausal status (in women) (model 1), and additionally body fat indices of BMI and waist circumference (model 2). The sedentary time was inversely associated with the total and HMW adiponectin levels, even after adjustment for the BMI and waist circumference, in both sex groups. Whereas positive associations of LPA with total and HMW adiponectin levels remained significant even after adjustment for the two body fat indices (model 2), the associations of MVPA became nonsignificant after that adjustment. Table 5 shows the results of the isotemporal substitution model indicating the effects of replacing 60 minutes of sedentary time with an equal amount of either LPA or MVPA on total and HMW adiponectin levels. In both men and women, significant and positive associations of substitution effects for LPA were consistently observed, whereas such clear effects were not seen for MVPA. Regarding the replacement effect of LPA, additional adjustment with the BMI and waist circumference decreased the effect size (percentage change) by 4% to 6% in men and 3% to 4% in women, but these associations remained significant after this adjustment. In men, as shown in the results of model 2 for LPA, replacing 60 minutes of sedentary time with an equal duration of LPA was associated with 9% and 13% higher total and HMW adiponectin levels, respectively, even after adjusting for indices of body fat. A similar pattern of substitution effect from switching sedentary time to LPA was also observed in women. Overall, the extent of the substitution effect appeared to be greater for HMW adiponectin levels than total adiponectin levels.
As shown in Table 6 , interaction analyses revealed that the effect of substituting sedentary time with LPA on the total adiponectin levels was significantly modified by coffee consumption in women (P interactions , 0.05). Regarding the effect of substituting sedentary time with MVPA, the interaction with cigarette smoking on total and HMW adiponectin levels was statistically significant in men (P interactions , 0.05), whereas a significant interaction with the menopausal status on total adiponectin was detected in women (P interactions , 0.05). Table 7 shows the association of stratified analyses regarding the significant interactions of LPA with coffee consumption in women. Medium (1.0 to 2.9 cups/d) or high ($3.0 cups/d) coffee consumers showed a greater replacement effect of LPA for increasing adiponectin than low coffee consumers (,1.0 cup/d) ( Table 7) . Although positive associations with both adiponectin indices were seen for the replacement effect of MVPA among former and current smokers in men, there was a tendency toward an inverse association among never smokers, although the P trend for these associations did not reach statistical significance (Table 8) . Additionally, the increasing effect of replacing sedentary time with MVPA on total adiponectin was clearer in premenopausal women than in postmenopausal women. 
Discussion
The current study investigated the cross-sectional association of replacing sedentary time with either LPA (,3 METs) or MVPA ($3 METs) on total and HMW adiponectin levels and further examined potential interactions with cigarette smoking, alcohol drinking, coffee consumption, and menopausal status in a large middle-aged population. One of the major findings of the current study was that replacing 60 minutes of sedentary time with the same period of LPA was linked with 4% to 13% higher total and HMW adiponectin levels, even after additional adjustment with body fat indices in men and women. Furthermore, the substitution effects for either LPA or MVPA were found to be multiply modified by cigarette smoking, coffee consumption, and menopausal status. These results may partially explain the inconsistency of previous reports on the association of PA with adiponectin that usually investigated the effect of a certain intensity PA (e.g., MVPA) in a small sample size of a certain type of subjects. The increase in adiponectin levels by replacing sedentary time with LPA may be attributed to increased adiponectin secretion from adipose tissue. As mentioned in the introduction section, the pharmacological suppression of lipolysis (induced by the drug acipimox) reduced circulating adiponectin levels, indicating that lipolytic activity is important in adiponectin synthesis and secretion [23] and LPA is known to be able to induce greater peripheral lipolytic activity than MVPA [24] . Consistently, a rodent study compared the effects of low-intensity (treadmill speed 25 m/min) and high-intensity (30 m/min) exercise training for 12 weeks and showed that low-intensity exercise had an equivalent (when rats exercised 2 d/wk) or even greater (when rats exercised 5 d/wk) effect on the extent of increase in adiponectin mRNA expression in adipose tissue [46] . Thus, LPA might increase adiponectin levels, probably through an increased expression of the adiponectin gene, presumably due to the enhancement of lipolysis by habitual LPA. Model 3 was adjusted for wear time, age, cigarette smoking, alcohol drinking, coffee consumption, total energy intake, and menopausal status (in women). Model 4 was adjusted for all covariates included in model 3 plus BMI and waist circumference. One of the major findings of the current study is that coffee consumption is an effect modifier of replacing sedentary time with LPA on adiponectin in women. Coffee consumption has been associated positively with adiponectin [30, 31] . The current result showed that the positive association of replacing sedentary time with LPA on the total and HMW adiponectin levels was clearer in medium (1.0 to 2.9 cups/d) or high ($3.0 cups/d) coffee consumers than in low coffee consumers (,1.0 cup/d) in women. A possible mechanism underlying this interaction has been suggested, although the precise mechanisms remain to be clarified. As discussed above, lipolysis in adipose tissue, which can be strongly induced by LPA, plays an important role in adiponectin synthesis and secretion. Similar to LPA, coffee is known as a lipolysis inducer [47, 48] . Caffeine or other constituents of coffee, such as chlorogenic acid, may therefore be involved in the increased lipolysis after coffee intake [47] . In the current study, the positive correlations of coffee consumption with total and HMW adiponectin appeared to be stronger in women than those in men (see Table 3 ), and these sexually distinct effects of coffee consumption on serum adiponectin may be a reason for the sex-specific finding. Therefore, the combination of two lipolytic factors (LPA and coffee consumption) might induce even greater lipolysis, and the augmented lipolysis induced by these two factors might promote adiponectin secretion from adipose tissue in women.
In the current study, interaction analyses showed that the positive association of replacing sedentary time with MVPA on adiponectin indices was clearer in former or current smokers than in never smokers among men. Cigarette smoking has been reported to have a suppressive effect on the circulating adiponectin levels in men [28] . We therefore hypothesized that cigarette smoking would attenuate the positive association of replacing sedentary time with PA indices on adiponectin. However, our results rejected that hypothesis. As a possible explanation for the unexpected results, smoking and nicotine are known to promote lipolysis in adipocytes and promote the release of free fatty acids [49] , and lipolysis can promote adiponectin secretion. Therefore, smoking-induced lipolysis might aid in increasing the adiponectin response to habitual PA in current smokers. We are unable to explain the possible mechanisms in former smokers. However, the current results suggest that a beneficial effect of replacing sedentary time with MVPA on adiponectin can be expected even in former or current smokers among men. Interestingly, replacing sedentary time with MVPA tended to be associated with lower (not higher) adiponectin levels in male never smokers, although this association was not statistically significant. This result is in line with the findings of previous exercise intervention studies showing that moderate training decreased the adiponectin concentration in healthy (nonsmoker) men [22] . In that previous study, the whole-body insulin sensitivity was improved after exercise, despite a decreased level of adiponectin [22] . Another report also showed that exercise intervention slightly decreased the serum adiponectin levels (albeit nonsignificantly); however, the mRNA expression of adiponectin receptors was upregulated in skeletal muscle [50] . Given these previous and present results, a physiological adaptation to MVPA might occur mainly in muscle (adiponectin receptors) rather than in adipose tissue in never smoker men, and it is theoretically possible that the increased binding of adiponectin to the muscle adiponectin receptors and the concomitant degradation of adiponectin after the receptor binding might act to decrease circulating adiponectin.
Unlike the effect of replacing sedentary time with MVPA on adiponectin in the male never smokers, replacing sedentary time with LPA was insignificantly but positively (not inversely) associated with total and HMW adiponectin in the never smoker subjects (data not shown), and that is considered to be a reason for the nonsignificant interaction between LPA and smoking status. LPA might not provide sufficient physiological stimulation to induce the muscle adaptation (i.e., an increase in adiponectin receptors) in the male never smokers. Further studies are needed to elucidate the regulatory mechanisms balancing MVPA-induced improvement in muscle insulin sensitivity and circulating adiponectin concentrations.
The current study revealed that menopausal status can modulate the replacement effect of sedentary time with MVPA on adiponectin in women. We hypothesized that a clearer positive association of replacing sedentary time with PA on adiponectin would be observed in postmenopausal women than in premenopausal women, as postmenopausal women are assumed to have lower estradiol levels. However, in contrast to this hypothesis, the replacing effect for MVPA on adiponectin was blunted (not enhanced) in postmenopausal women compared with premenopausal women. The current univariate analysis showed that the adiponectin concentration levels were significantly higher in postmenopausal women than in premenopausal women (total adiponectin, r = 0.10, P , 0.0001; HMW adiponectin, r = 0.08, P , 0.0001; Table 3 ). This result is consistent with the findings of a previous report showing that postmenopausal women had higher adiponectin levels than did premenopausal women [33] . We speculate that postmenopausal women had higher adiponectin concentrations than premenopausal women and might therefore have had little room left for increasing their adiponectin concentration by MVPA. Additionally, moderate-intensity exercise for 12 weeks did not affect the serum adiponectin levels in postmenopausal women [20] , consistent with the current results.
The major strengths of the current study are the large sample size, objectively measured intensity-specific PA, measurements of two types of adiponectin (total and HMW), and usage of an isotemporal substitution model. There are also several limitations to the current study that warrant mention. This study was a cross-sectional study, and we were unable to make inferences regarding causality. The present subjects were not required to be in a fasting state, and their attendance at the face-to-face survey (in which blood sampling was conducted) was not arranged at a specific time of day. Thus, the blood adiponectin levels may have been influenced by the fasting status and/or diurnal variation. Of note, these potential variations can attenuate the associations of PA and adiponectin levels. Additionally, adjustment was made for BMI and waist circumference, which are clearly correlated with body fat but not strict markers of the body fat content. Finally, we examined neither the gene expression of adiponectin in adipose tissue nor its receptors in skeletal muscle or liver, which may be involved in the control of circulating adiponectin levels.
In conclusion, the current results suggest that replacing 60 minutes of sedentary time with the same duration of LPA was associated with 9% and 4% higher total adiponectin levels, and 13% and 10% higher HMW adiponectin levels in men and women, respectively, even after adjusting for BMI and waist circumference. The interaction analyses suggested that the replacement effect of sedentary time with LPA was modified by coffee consumption in women, whereas the replacement effect of sedentary time with MVPA was modified by cigarette smoking in men and menopausal status in women. These results partially explain the inconsistency in previous reports regarding the association of PA with adiponectin. Further longitudinal studies in a large general population are warranted to confirm the associations suggested by the current study.
